The plasmodial phase of the myxomycete Physarum rigidum, analyzed during the period of rapid growth, attained a ribonucleic acid (RNA) and protein content of 9.8 and 60.0%, respectively, on a dry weight basis. It possessed ribosomes of the 80S class which, especially in the absence of magnesium ions, partially dissociated to 605 and 405 subunit classes. Electron micrographs of ribosomes treated with uranyl acetate-lead citrate revealed a number of surface features. Nucleotide analyses of both ribosomal and total RNA disclosed that they were composed of 51.0 and 52.5% guanylic and cytidylic acids, respectively. Consistent with most reports on other organisms, guanylic acid was the most abundant nucleotide found in the various types of RNA and cytidylic acid was the least abundant. The 20OW values of the total RNA classes, in 0.01 sodium acetate (pH 4.6) containing 0.10 M NaCl, were 5.2, 18.1, and 27.3 in S units. Changing the ionic environment of the RNA (0.017 molal potassium phosphate, pH 7.0, containing 0.01 M disodium ethylenediaminetetraacetate) resulted in a reduction of the 520W values to 4.2, 16.6, and 22.6 in S units, which is indicative of molecular conformational transitions. In general, the amino acid composition of the ribosomal proteins was similar to the data available on ribosomal proteins from other biological sources.
20OW values of the total RNA classes, in 0.01 sodium acetate (pH 4.6) containing 0.10 M NaCl, were 5.2, 18.1, and 27.3 in S units. Changing the ionic environment of the RNA (0.017 molal potassium phosphate, pH 7.0, containing 0.01 M disodium ethylenediaminetetraacetate) resulted in a reduction of the 520W values to 4.2, 16.6, and 22.6 in S units, which is indicative of molecular conformational transitions. In general, the amino acid composition of the ribosomal proteins was similar to the data available on ribosomal proteins from other biological sources.
The life cycle of myxomycetes (1) begins with the germination of a haploid spore to yield a myxamoeba. The myxamoeba reproduces mitotically and, after a large population is produced, two myxamoebae fuse to form a diploid zygote. In heterothallic myxomycetes, the myxamoebae must come from different spores and be of opposite mating type. Karyokinesis occurs without cytokinesis, resulting in a large multinucleate plasmodium possessing natural synchronous nuclear division. The plasmodium increases in mass and under certain environmental conditions it is converted into fruiting bodies; meiosis occurs with the production of the haploid spores. These organisms are thus prime candidates for the study of morphogenesis; however, they have been virtually unexplored biochemically. This paucity of knowledge is due at least to two factors. First, the myxamoebae are commonly cultured in association with other microbes, and only recently has the plasmodial phase of only a few species been grown in pure culture in a manner enabling analytical analyses (5, 11) . Second, the myxomycetes have a long generation time and great care must be exercised in their axenic laboratory cultivation. In spite of these difficulties, biochemical data must be obtained on these eucaryotic organisms for comparison with the abundant information available mostly on bacteria and mammalian tissues. In terms of evolution, the myxomycetes are intermediate between those two cell types.
Plasmodial ribosomes and ribonucleic acid (RNA) of only one myxomycete, Physarum polycephalwn, have been reported on. By use of sucrose density gradient centrifugation, the ribosomal RNA classes were estimated to be larger than those from Escherichia coli, and the ribosomes were assumed to be of the 80S class but with 50S and 30S subunits (21, 22) . Later (4), the nucleotide compositions of the microsomal and total RNA were studied and found to contain 54.4 and 53.7 to 55.7% guanylic and cytidylic acids, respectively.
In the present study, sedimentation coefficients of the ribosomes and RNA and nucleotide analyses of the total and ribosomal RNA were determined on the plasmodium of P. rigidum grown in pure culture. Amino acid analyses of ribosomal proteins and electron microscopy of isolated ribosomes were also performed for the first time on a myxomycete.
MATERILS AND METHODS
Organism. P. rigidum has recently been characterized genetically and morphologically (12) , and the HENNEY AND JUNGKIND plasmodium has been grown in axenic shake culture in a partially defined soluble medium (11) . Microplasmodia were harvested after 8 days of growth by centrifugation at about 5,000 X g for 5 min at room temperature.
Water. All water used in the procedures described was double distilled in a model AG-3 glass distillation apparatus (Corning Glass Works, Corning, N.Y.).
Extraction and purification of total RNA. All glassware was cleaned with soap, soaked in acid dichromate cleaning solution for 1 to 2 hr, and rinsed with tap water. The glassware was then rinsed in a 0.1% sodium dodecyl sulfate (SDS)-0.1% disodium ethylenediaminetetraacetate (EDTA) solution, rinsed twice in distilled water, covered with aluminum foil, and baked at 200 C for 2 hr. All plastic items were treated as glassware except that they were sterilized in the autoclave.
Dialysis tubing was boiled for 5 min in the SDS-EDTA solution (29) , rinsed, and boiled in two changes of distilled water for a total of 15 additional min.
Plastic gloves were worn during all stages of RNA preparation, including the above.
Immediately after collection, plasmodia were placed in a 16-ml ground-glass homogenizer (Bellco Glass Inc., Vineland, N.J.) and were quickly plunged into an acetone-dry ice bath until ready for use. All further extraction procedures were performed at 0 to 4 C. The plasmodia were partially thawed, and (7), but it did not increase the yield of ribosomes. The extracts were cleared by two centrifugations at 20,000 X g for 10 min and were sometimes directly analyzed for ribosomes by use of the ultracentrifuge. The magnesium concentration was decreased in some cases in order to study the dissociation of ribosomes into subunits.
To purify the ribosomes further, the extracts were centrifuged at 88,500 X g for 2.75 hr in the 30 K rotor of the Spinco (Palo Alto, Calif.) model L preparative ultracentrifuge. The ribosome pellets were then suspended, with a glass homogenizer, in 0.02 M potassium bicarbonate buffer (pH 8.0) containing 0.001 M magnesium acetate (26) . After another centrifugation, the pellets were suspended and washed two additional times in 0.01 M Tris-hydrochloride buffer (pH 7.4) containing 0.25 M KCI and 0.01 M magnesium acetate. These washed ribosomes were used for compositional studies.
Amino acid analyses. The amino acid content of the washed ribosomes was determined, with an amino acid analyzer (Phoenix Precision Instrument Co., Philadelphia, Pa.), by methods already described (14) , except that half-cystine was analyzed as cysteic acid (23) . The humin formed after hydrolysis, as a result of the presence of RNA, was removed by centrifugation (2) .
Electron microscopy. The purified ribosomes on carbon films were stained for 2 min in saturated uranyl acetate (50% ethyl alcohol, v/v) and for 2 min in saturated lead citrate (50% ethyl alcohol, v/v). They were examined in a Siemens (New York, N.Y.) model la electron microscope with double condenser illumination and a 30-pm objective aperture. Magnifications of 20,000 and 40,000 were used and photographic enlargement was 2.4 times.
Chemical analyses. Protein content was determined by the method of Lowry et al. (20) with crystalline bovine serum albumin (Armour and Co., Kankakee, Ill.) as a standard. Phosphorus analyses were performed by the method of Fiske and SubbaRow (8), after conversion of samples to inorganic phosphorus (18) . The RNA content was also determined by the orcinol test (6) with ribose as a standard. The plasmodia were heated to constant weight at 110 C for 18 hr for dry weight determinations.
Nucleotide analyses. The nucleotide compositions of total RNA and ribosomal RNA were determined by column chromatography with procedures already described (13) .
Analytical ultracentrifugation. Sedimentation coefficients expressed in Svedberg units (S) were determined at 20 C with a Spinco model E analytical ultracentrifuge equipped with an RTIC temperature control unit and schlieren and ultraviolet optical systems.
For analyses of purified RNA, the Kel-F cell and quartz windows were soaked in a warm solution of SDS-EDTA, rinsed with distilled water, and dried. Finally, they were rinsed in a 1:1 mixture of acetonealcohol, followed by distilled water, and then were vacuum-dried.
The S20 values of purified RNA were determined at 42,040 rev/min at concentrations of 50 to 75 j&g of RNA per ml, at which there was no concentration dependence. In some experiments, the RNA was dissolved in 0.01 M sodium acetate (pH 4.6) containing 0.10 M NaCl (26) , and a factor of 1.019 was used to correct to standard conditions (water 
RESULTS
Growth analyses. The results of a typical growth study are presented in Fig. 1 . The inoculum contained 0.019 mg of protein per 50 ml of medium, which increased to 51.0 mg of protein per 50 ml of medium in 13 days and then sharply declined. Correspondingly, the maximum RNA content was 8.33 mg per 50 ml of medium on the 13th day of growth. The plasmodia contained 91% water, and the maximum protein and RNA contents attained were, respectively, 60.0 and 9.8% of the plasmodial dry weight (day 13). In addition, the growth medium was viscous by then as a result of the accumulation of "slime." 100r 11O
. Ribosomes. The protein to RNA ratio of the ribosomes was about 1.5, with phosphorus analyses to determine RNA content. The yield of purified ribosomes was about 10 mg per g of plasmodia. A schlieren profile of the major ribosome class, studied in the presence of 0.01 M magnesium ions, is presented in Fig. 2a . Extrapolation to infinite dilution (Fig. 3) resulted in an Soo value of 79.6 in S units, and correction to standard conditions (water) produced an 20,w value of 84.5 in S units. Therefore, these ribosomes belong to the 80S class. They were rather resistant to dissociation in the presence of decreasing concentrations of magnesium ions, but extracts prepared in the absence of magnesium ions contained an increased content of slower moving boundaries (Fig. 2b) , with S2o values of 37.6 and 57.4 in S units. These other boundaries appeared at the expense of the 80S class and, therefore, correspond to 40S and 60S subunit classes. Reassociation of the subunits occurred in the presence of 0.01 M magnesium ions. Polyribosome boundaries which sedimented faster than the 80S class were also routinely observed in fresh extracts.
Electron micrographs of washed, unfixed ribosomes, suspended in buffer containing 0.01 M magnesium ions and positively stained with uranyl acetate and lead citrate, are shown in Fig. 4 Table 2 .
DISCUSSION
The period of time required for shake cultures of microplasmodia to attain the maximum content of RNA and protein is inversely related to the inoculum size. With the small inoculum used in this growth study (19 ug of protein) , it took 13 days; however, by increasing the inoculum size, the day of maximum yield can be conveniently shortened to about 7 days or less. The maximum rate of RNA and protein synthesis occurred between days 8 and 11; during this time these macromolecules increased by an average factor of 2.9. The high water content of the plasmodium (91%) explains why that phase of the life cycle is found in nature only under very damp conditions (1) . It also helps to explain the susceptibility of plasmodia to low-humidity laboratory conditions such as growth in plastic petri dishes (11) .
The first attempts to isolate ribosomes from this myxomycete resulted in only limited success, when extracts were prepared in 0.01 M phosphate buffer (pH 7.4) containing 0.01 M MgCla. Since the myxomycetes produce actin and myosin (10), it was suspected that the myxomyosin could be causing coprecipitation of the polyribosomes during preparation of the extracts, which would result in low yields of ribosomes. This premise was based upon the report of coprecipitation of chick skeletal muscle polyribosomes by myosin (15) . Tris buffers containing magnesium acetate and increasing concentrations of KCl were used to prepare extracts, and the ribosome yields were immediately improved. A KCI concentration of 0.25 M was sufficient to enable maximum ribosome recovery and was used routinely. To obtain highly purified ribosomes for chemical analyses, we used, in addition to the KCl buffer, the potassium bicarbonate buffer (pH 8.0) recommended by Petermann and Pavlovec (26) for the removal of extraneous proteins. The S2'0 value of 84.5 in S units is a little higher than the average value of 80 for many eucaryotic organisms. However, these determinations were performed at a higher salt concentration than is usually employed, which apparently resulted in a more compact ribosome structure owing to the neutralization of the electrical charges of the ribosome by the salt.
These ribosomes were stable in the concentration of electrolyte employed, and there was concentration dependence of the sedimentation coefficient. However, Soo, values of 83 to 84.6 in S units and higher for the major ribosome class are not unique, as illustrated by similar reports on those from fungi (25, 30) , Paramecium (27) , and higher plants and animals (25) . These ribosomes were also quite stable in decreasing concentrations of magnesium ions, which, in contrast to bacterial ribosomes, seems to be a general property of eucaryotic ribosomes. Another common property seems to be the possession of 60S and 40S subunit classes. The 40% RNA and 60% protein _i content of the 80S ribosomes resembles that C 1\~~~~~~~~~r eported for ribosomes of some higher plants and &animals and eucaryotic microorganisms (25, 31 20, values were higher than when the RNA was centrifuged in the potassium phosphate-EDTA buffer at pH 7.0. The ionic strength of the latter buffer is slightly less than that of the acetate buffer (0.1). The RNA must assume a more compact configuration in the acetate buffer, since it was characterized by higher S'O,, values (25) . This fact could be explained in two ways. (i) At a lower pH and slightly higher ionic strength of the solvent there would be less negative electrical charge on the RNA, which could result in a more compact structure due to increased intramolecular hydrogen bonding. (ii) Magnesium ions increase the S values of RNA, probably by affecting the disordered regions of the chain; although none of these ions were present in the dissolving buffers, they were present during the purification procedures and could have been tightly bound to the RNA during alcohol precipitation. The presence of EDTA in the phosphate buffer would have removed magnesium ions bound to the RNA and led to lower S values. Perhaps both explanations are applicable.
The nucleotide composition of the RNA of P. rigidum reveals that it is a slight GC type. There is little difference between the base composition of ribosomal and total RNA, which is to be expected since the bulk of the cellular RNA is ribosomal RNA. P. polycephalum is the only other Physarum species whose RNA has been analyzed (4), and those results differ somewhat from these on P. rigidum. Compared to P. rigidum, P. polycephalum ribosomal RNA has a higher content of cytidylic acid and a lower content of adenylic acid (A), with a GC content of 54.4%. Also, the total RNA of P. polycephalum contains a much higher content of cytidylic acid and a lower content of uridylic acid (U) and guanylic acid, with a GC content of 53.7 to 55.7%. It is not possible to assess the significance of these differences until more species are analyzed. It is of interest, however, to note that the P. rigidum ribosomal RNA is similar to plant ribosomal RNA (19) in that the order of decreasing molar concentrations of nucleotides is G, A, U, and C. In addition, most reports on eucaryotic microorganisms (25) and recently on bacteria (24) reveal a characteristic asymmetric nucleotide composition of high guanylic acid and low cytidylic acid for ribosomal RNA.
Petermann (25) pointed out that, in general, all ribosomal proteins studied (bacterial, plant, and animal) are rich in lysine, arginine, and aspartic and glutamic acids, with above-average amounts of glycine, alanine, valine, and leucine and small amounts of the aromatic and sulfur-containing amino acids. Although there are no other data on the amino acid composition of myxomycete ribosomal proteins, our results on P. rigidwn agree well with these generalizations.
